Journal  of  Power  Sources  191  (2009)  636-639 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

SllbiidtS 


Short  communication 

Surface  reaction  of  (3-FeOOH  film  negative  electrode  for  lithium-ion  cells 

T.  Tabuchia’b’*,  Y.  Katayamab,  T.  Nukudab,  Z.  Ogumi3 

a  Graduate  School  of  Engineering,  Kyoto  University,  Kyotodaigaku-katsura,  Nishikyo-ku,  Kyoto  615-8510,  Japan 
b  Corporate  RU’D  Center,  GS  Yuasa  Corporation,  Nishinosho,  Kisshoin,  Minami-ku,  Kyoto  601-8520,  Japan 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  10  December  2008 
Received  in  revised  form  4  February  2009 
Accepted  7  February  2009 
Available  online  20  February  2009 


Keywords: 
(3-FeOOH 
Thin  film 

Negative  electrode 


Electrochemical  performance  of  P-FeOOH  thin  film  has  been  investigated  for  a  low-cost  and  environ¬ 
mentally  friendly  negative  electrode  with  a  large  capacity.  The  electrode  was  found  out  to  give  an  initial 
large  discharge  capacity  of  864  mAhg-1  and  good  cycleability  with  a  constant  value  around  700  mAhg-1 
at  subsequent  cycles.  In  the  first  charge  process,  one  electron  change  reaction  proceeded  from  the  initial 
rest  potential  of  3.04-1.65  V  vs.  Li/Li+,  resulting  in  the  formation  of  divalent  product  FeOOHLi.  Further 
charging  caused  the  surface  film  formation  like  solid  electrolyte  interface  (SEI)  between  1.65  V  and  1.18  V 
vs.  Li/Li+  together  with  the  reduction  of  Fe  compound  from  divalent  to  partially  zero-valent,  followed  by 
its  film  growth  from  1.18  V  to  0.07  V  vs.  Li/Li+. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  cells  have  been  successfully  put  into  practical  use 
by  applying  a  carbon  material  to  a  negative  electrode  especially  for 
mobile  phones  and  personal  computers  despite  the  less  theoretical 
capacity  of  372  mAh  g-1 .  It  is  partly  because  there  still  was  an  insol¬ 
uble  matter  with  respect  to  pure  metallic  Li  which  gives  much  larger 
value  of 3861  mAhg-1 .  Recently,  commercial-based  cells  have  been 
strongly  required  to  enhance  the  energy  density  with  an  increase 
in  electric  power  consumption  for  various  portable  devices.  There¬ 
fore,  many  researchers  have  extensively  studied  on  larger-capacity 
negative  active  materials  such  as  Si  [1-5],  Sn  [6,7],  SnCo  [8],  CoO 
[9,10],  and  Co304  [11  ]  besides  metallic  Li  as  the  alternative  of  a  car¬ 
bon  material  which  is  limited  to  increase  the  energy  density.  As  the 
problem  of  such  materials,  capacity  decay  with  cycling  is  mainly 
caused  by  the  volume  change  in  the  Li-insertion  and  extraction 
processes.  Meanwhile,  the  cost  and  environment  are  also  important 
issues  to  be  discussed  in  our  battery  field  so  that  an  electrode  mate¬ 
rial  should  be  developed  in  consideration  of  these  solutions.  In  such 
a  situation,  an  iron-based  material  is  attractive  to  solve  the  prob¬ 
lem  of  cost  and  environment  compared  with  the  other  transition 
metal  compounds  such  as  CoO  [9]  which  has  been  a  focus  to  give 
a  large  capacity  of  700 mAhg-1  and  good  cycleability.  As  the  iron- 
based  material,  it  was  reported  that  Fe203  has  a  large  capacity  of 
more  than  700  mAhg-1  [12].  However,  it  was  concluded  that  Fe203 
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is  a  promising  candidate  as  a  large-capacity  electrode  material  for 
lithium-ion  batteries  if  the  cycle  performance  can  be  improved.  |3- 
FeOOH  is  one  of  the  attractive  compounds  due  to  a  large  capacity 
of  1100  mAhg-1  [13].  However,  a  basic  technique  for  improving  the 
cycle  performance  under  the  condition  through  a  deep  reduction 
potential  as  a  negative  electrode  has  not  been  proposed  on  this 
material.  In  this  work,  |3-FeOOH  has  been  investigated  as  a  nega¬ 
tive  active  material  with  the  different  geometric  effect  between  the 
film  and  particle  on  the  electrochemical  performance.  Moreover, 
the  surface  reaction  of  |3-FeOOH  has  been  studied  by  using  the  thin 
film  electrode  as  a  simple  model,  which  can  eliminate  an  electro- 
conductive  material  and  binder,  by  means  of  X-ray  photoelectron 
spectroscopy  (XPS)  and  AC  impedance  measurement. 

2.  Experimental 

2.1.  Preparation  of  fi-FeOOH  thin  film  electrode 

|3-FeOOH  thin  film  was  formed  on  a  foamed  Ni  substrate  to 
make  a  negative  electrode  by  liquid  phase  deposition  (LPD)  method 
[14-16]  which  is  one  of  the  soft  processes  for  preparing  from  an 
aqueous  solution  in  electrical  and  optical  fields.  a-FeOOH  parti¬ 
cle  was  first  dissolved  in  1.0  mol  dm-3  NH4F  HF  (Nacalai  Tesque 
Inc.)  to  Fe-ion  concentration  of 0.073  mol  dm-3.  The  H3BO3  aqueous 
solution  was  also  prepared  with  distilled  water  to  the  concentra¬ 
tion  of  0.7  mol  dm-3.  These  solutions  were  then  mixed  to  Fe-ion 
and  H3BO3  concentrations  of  7.3  mmol  dm-3  and  0.055  mol  dm-3, 
respectively.  A  foamed  Ni  substrate  was  immersed  into  the  mixed 
solution  with  sonication  for  2  h  at  room  temperature.  Finally,  the 
film  electrode  (hereinafter  called;  |3-FeOOH  thin  film  electrode) 
was  obtained  after  drying  in  a  vacuum  for  5  h  at  80  °C.  This  condition 
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Fig.  1.  XRD  pattern  of  |3-FeOOH  thin  film. 

is  based  on  our  previous  result  in  order  to  obtain  a  flat  thin  film  of 
316  nm  thick  with  uniform-flat  morphology,  which  was  confirmed 
by  scanning  electron  microscopy  (SEM)  [17]. 

2.2.  Preparation  of  fi-FeOOH  particle  electrode 

p-FeOOH  particles  were  prepared  as  previously  reported  [13]. 
An  electrode  with  p-FeOOH  particles  (hereinafter  called;  p-FeOOH 
particle  electrode)  was  also  prepared  for  the  purpose  of  comparison 
with  the  film-shape  geometry.  p-FeOOH  particles  with  an  average 
diameter  of  1.3  |xm,  acetylene  black  (AB)  as  an  electro-conductive 
material,  and  polyvinylidene  fluoride  (PVDF)  as  a  binder  were  first 
mixed  in  the  ratios  of  75:10:15  in  the  solid  mass  with  N-methyl-2- 
pyrolidone  solvent  to  prepare  a  slurry.  The  slurry  was  then  loaded 
in  a  formed  Ni  substrate  to  be  the  density  of  6.7  mg  cm-2.  Finally, 
the  electrode  was  obtained  after  drying  in  a  vacuum  for  5  h  at  80  °C. 

2.3.  Analysis  and  electrochemical  measurement 

The  thin  film  was  identified  by  X-ray  diffractometry  (XRD)  using 
Rigaku  RINT2400  at  a  scanning  rate  of  0.25°  min-1  in  the  20  range 
from  30°  to  60°  with  Cu  Ka  radiation.  The  change  in  a  valence  state 
of  Fe  was  analyzed  by  XPS  using  Shimadzu/Kratos  AXIS-HS  with  a 
tube  voltage  of  10  kV  and  a  filament  current  of  15  mA. 

Electrochemical  measurement  was  performed  by  using  three- 
terminal  glass  cells  with  a  metallic  Li  foil  as  counter  and  reference 
electrodes  in  a  mixed  solution  of  ethylene  carbonate  (EC)  and 
diethyl  carbonate  (DEC)  in  the  volume  ratio  of  1:1  containing 
1.0  mol  dm-3  LiC104.  Both  p-FeOOH  electrodes  were  charged  to 
0.00  V  and  then  discharged  to  2.50  V  vs.  Li/Li+  at  25  °C  at  the  rate  of 
0.05  C  on  the  basis  of  one  electron  change  reaction.  Impedance  spec¬ 
troscopy  was  also  conducted  in  the  charge  and  discharge  processes 
at  the  frequency  ranging  from  0.1  Hz  to  10  kHz.  The  measurement 
was  normally  carried  out  with  a  potential  amplitude  of  5  mV. 

3.  Results  and  discussion 

3.1.  Identification  of  fi-FeOOH  thin  film 

XRD  pattern  of  the  film  is  shown  in  Fig.  1 .  The  peaks  were  clearly 
detected  at  around  35.2°,  39.3°,  46.7°,  and  56.4°,  assigning  to  (2  1 1 ), 
(3  01),  (411),  and  (5  21)  diffraction  lines,  respectively.  All  peaks 
can  be  identified  to  p-FeOOH  except  that  of  Ni  substrate.  Therefore, 


the  final  product  was  confirmed  to  be  |3-FeOOH  without  any  other 
phases. 

3.2.  Charge-discharge  characteristics  and  cycle  performance 

Charge  and  discharge  characteristics  of  |3-FeOOH  thin  film  elec¬ 
trode  are  shown  in  Fig.  2.  The  electrode  showed  the  total  electricity 
of  1213  mAh  g-1  in  the  first  charge  process  from  the  initial  rest  to  the 
cutoff  potential  of  0.00  V  vs.  Li/Li+  together  with  two  plateaus  which 
occur  clearly  at  around  1.50  V  and  0.80  V  vs.  Li/Li+.  Slight  potential 
inflection  was  also  confirmed  at  around  2.30  V  vs.  Li/Li+.  Moreover, 
the  electrode  was  found  out  to  give  an  initial  large  discharge  capac¬ 
ity  of 864  mAh  g-1 .  Accordingly,  the  charge  and  discharge  efficiency 
is  calculated  to  71.2%  at  the  1st  cycle.  However,  potential  plateau 
was  indefinite  in  the  discharge  process  from  the  fully  charged  state 
to  the  cutoff  potential  of  2.50  V  vs.  Li/Li+.  The  amount  of  charged 
electricity  drastically  decreased  between  the  1  st  and  2nd  cycle.  The 
efficiency  at  the  2nd  cycle  was  improved  to  87.3%.  Moreover,  the 
discharge  capacity  was  found  out  to  stabilize  around  700  mAh  g-1 
with  the  similar  potential  behavior  at  subsequent  cycles.  This  fact 
means  the  same  electrochemical  reaction  proceeds  in  the  discharge 
process  after  the  2nd  cycle.  Charge  and  discharge  characteristics  of 
|3-FeOOH  particle  electrode  are  shown  in  Fig.  3.  The  charged  elec¬ 
tricity  and  discharge  capacity  were  1659  mAh  g-1  and  958  mAh  g-1 , 
respectively.  It  should  be  noted  that  these  large  values  include 
the  influence  of  acetylene  black  which  can  be  also  inserted  and 
extracted  with  Li  in  the  electrochemical  processes.  The  discharge 
capacity  drastically  decreased  with  cycling  in  contrast  with  the 
thin  film  electrode.  This  reason  is  suggested  to  be  due  to  the  lack 
of  electro-conductivity  caused  by  the  isolation  of  particles  during 
charging  and  discharging.  Change  in  discharge  capacity  of  both 
electrodes  is  shown  in  Fig.  4  for  comparison.  The  thin  film  elec¬ 
trode  gave  better  cycle  performance  with  a  stable  capacity  around 
700  mAh  g-1  after  the  4th  cycle.  This  reason  suggests  that  electrical 
contact  in  the  electrode  can  be  maintained  by  forming  the  thin  film, 
which  means  that  cycle  performance  is  strongly  dependent  on  the 
geometry  of  |3-FeOOH  active  material. 

3.3.  Change  in  atomic  valence  ofFe 

Change  in  the  peak  of  Fe2p  binding  energy  is  shown  in  Fig.  5  to 
confirm  the  valence  state  in  the  charging  process.  The  Fe2p  peak 


(d)  (c)  (b) 


Fig.  2.  Charge-discharge  characteristics  of  |3-FeOOH  thin  film  negative  electrode  at 
the  (a)  1st,  (b)  2nd,  (c)  3rd,  and  (d)  18th  cycle. 


638 


T.  Tabuchi  et  al.  /  Journal  of  Power  Sources  191  (2009)  636-639 


(d)  (c)  (b)  (a) 


Fig.  3.  Charge-discharge  characteristics  of  (3-FeOOH  particle  negative  electrode  at 
the  (a)  1st,  (b)  2nd,  (c)  3rd,  and  (d)  18th  cycle. 


Fig.  4.  Cycle  performance  of  negative  electrode  with  (3-FeOOH  (a)  thin  film  and  (b) 
particles. 


Fig.  5.  Change  in  Fe2P  XPS  spectra  of  |3-FeC)C)H  thin  film  negative  electrode  at  dif¬ 
ferent  potentials  of  (a)  3.04  V,  (b)  1.65  V,  (c)  1.18  V,  and  (d)  0.70  V  vs.  Li/Li+. 


Fig.  6.  Cole-cole  plots  obtained  by  AC  impedance  analysis  of  (3-FeOOH  thin  film 
negative  electrode  at  different  potentials  of  (a)  3.04  V,  (b)  1.89  V,  (c)  1.65  V,  (d)  1.18  V, 
(e)  0.70  V,  and  (f)  0.07  V  vs.  Li/Li+  in  the  charge  process. 

appeared  at  712  eV  at  the  rest  potential  of  3.04  V  vs.  Li/Li+,  which 
means  as-prepared  p-FeOOH  film.  This  value  is  derived  from  triva- 
lent  Fe.  The  peak  clearly  shifted  from  712  eV  to  around  709  eV  by 
charging  from  the  rest  potential  to  1.65  V  vs.  Li/Li+.  This  lower  posi¬ 
tion  is  suggested  to  show  a  divalent  state  derived  from  FeOOFILi 
compound  on  the  basis  with  one  electron  change  reaction  as  pre¬ 
viously  reported  [13]. 

p-FeOOFI  +  Li+  +  e-^  FeOOFILi 

The  slight  potential  inflection  at  around  2.30  V  vs.  Li/Li+  is  mainly 
caused  by  this  reaction.  The  peak  slightly  changed  to  the  further  low 
value  with  a  shoulder  formed  at  around  706  eV  by  the  reduction  to 
the  potential  of  1.18  V  vs.  Li/Li+.  It  is  considered  that  this  shoulder 
peak  is  derived  from  zero-valent  Fe.  This  fact  suggests  that  the  elec¬ 
trochemical  reaction  proceeds  inhomogeneously  by  Li-insertion  in 
the  range  from  1.65  V  to  1.18  V  vs.  Li/Li+  including  the  first  potential 
plateau  around  1.50  V  vs.  Li/Li+.  The  peak  position  almost  remains 
unchanged  in  the  range  from  1.18  V  to  0.70  V  vs.  Li/Li+  including  the 
second  potential  plateau  around  0.8  V  vs.  Li/Li+.  Therefore,  Fe  com¬ 
pounds  from  divalent  to  zero-valent  state  still  remain  at  0.70  V  vs. 
Li/Li+  after  the  second  potential  plateau. 

3.4.  Impedance  analysis 

Change  in  cole-cole  plots  of  |3-FeOOH  thin  film  electrode  at 
different  potentials  in  the  first  charge  process  is  shown  in  Fig.  6. 
The  plots  at  the  beginning  of  3.04  V  vs.  Li/Li+  were  formed  with  a 
simple  line,  which  means  a  blocking  electrode.  The  line  was  grad¬ 
ually  inclined  to  a  lower  angle  as  the  potential  decreased,  and  then 
started  to  change  into  a  slight  strained  curve  at  1.65  V  vs.  Li/Li+ 
suggesting  to  the  end  of  one  electron  change  reaction  from  the 
results  by  XPS  analysis.  The  behavior  was  drastically  changed  to 
be  two  semi  circles,  which  was  clearly  formed  in  the  potential 
range  between  1.65  V  and  1.18  V  vs.  Li/Li+.  Moreover,  the  semi  cir¬ 
cle  at  higher  frequency  was  slightly  enlarged  with  the  potential 
decreased,  though  the  behavior  was  similar  between  1.18  V  and 
0.07  V  vs.  Li/Li+.  Flowever,  the  semi  circle  at  lower  frequency  almost 
disappeared  at  0.07  V  vs.  Li/Li+.  In  the  discharge  process,  the  semi 
circle  at  higher  frequency  became  a  little  smaller  at  0.99  V  vs.  Li/Li+ 
and  then  again  changed  to  be  a  simple  line  at  the  end  of  2.66  V 
vs.  Li/Li+  as  shown  in  Fig.  7.  In  order  to  study  on  the  semi  circle  at 
higher  frequency,  the  effect  of  different  potential  amplitudes  was 
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Fig.  7.  Cole-cole  plots  obtained  by  AC  impedance  analysis  of  |3-FeOOH  thin  film 
negative  electrode  at  different  potentials  of  (f)  0.07  V,  (g)  0.99  V,  (h)  1.97  V,  and  (i) 
2.66  V  vs.  Li/Li+  in  the  discharge  process. 
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Fig.  8.  Cole-cole  plots  obtained  by  AC  impedance  analysis  of  (3-FeOOH  thin  film 
negative  electrode  at  the  potential  of  0.70  V  vs.  Li/Li+  with  different  amplitudes  of 
(a)  5  V,  (b)  10  V,  and  (c)  50  mV. 

also  investigated  at  0.70  V  vs.  Li/Li+  after  3  cycles  as  shown  in  Fig.  8. 
The  semi  circle  was  almost  unchanged  at  the  different  potential 
amplitudes  of  5  mV,  10  mV,  and  50  mV.  Interfacial  reaction  resis¬ 
tance  should  be  strongly  dependent  on  the  potential  amplitude. 
Therefore,  it  is  considered  that  the  semi  circle  at  higher  frequency 
is  derived  from  the  surface  film  like  SEI  formed  between  (3-FeOOH 


and  electrolyte.  Accordingly,  the  reaction  of  surface  film  is  sug¬ 
gested  to  start  in  the  range  between  1.65  V  and  1.18  V  vs.  Li/Li+  in 
the  first  charge  process.  The  resistance  increased  with  the  further 
low  potential  down  to  0.07  V  vs.  Li/Li+,  which  means  increase  in 
thickness  of  the  surface  film. 

4.  Conclusions 

p-FeOOFI  thin  film  electrode  was  found  out  to  give  an  initial 
large  discharge  capacity  of  864  mAh  g-1  and  good  cycleability  with 
a  constant  value  around  700  mAh  g-1  at  subsequent  cycles.  How¬ 
ever,  p-FeOOH  particle  electrode  gave  less  cycleability  due  to  the 
lack  of  electro-conductivity.  Therefore,  cycle  performance  is  found 
out  to  be  strongly  dependent  on  the  geometry  of  p-FeOOH  active 
material.  In  the  charge  process,  the  thin  film  electrode  showed  a 
slight  potential  inflection  around  2.30  V  vs.  Li/Li+  and  two  plateaus 
which  occur  clearly  around  1.50  V  and  0.80  V  vs.  Li/Li+.  The  inflec¬ 
tion  around  2.30  V  vs.  Li/Li+  is  mainly  caused  by  the  one  electron 
change  reaction  resulting  in  the  divalent  product  of  FeOOHLi.  The 
reduction  is  suggested  to  proceed  with  the  mixture  of  FeOOHLi  and 
partly  zero-valent  state  in  the  range  between  1.65  V  and  1.18  V  vs. 
Li/Li+  including  the  first  potential  plateau  around  1.50  V  vs.  Li/Li+. 
The  reaction  of  surface  film  formation  also  started  from  this  poten¬ 
tial  range.  However,  the  surface  film  is  still  unstable  considering  the 
increase  in  resistance,  based  on  the  semi  circle  at  higher  frequency, 
at  the  lower  potential  down  to  0.07  V  vs.  Li/Li+.  Furthermore,  the 
subsequent  reduction  in  the  range  from  1.18  V  to  0.07  V  vs.  Li/Li+ 
including  the  second  potential  plateau  around  0.80  V  vs.  Li/Li+  is 
suggested  to  proceed  from  divalent  to  completely  zero-valent  state 
together  with  the  increase  in  thickness  of  the  surface  film. 
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